Exocyclic DNA adducts are mutagenic lesions that can be formed by both exogenous and endogenous mutagens/ carcinogens. These adducts are structurally analogs but can differ in certain features such as ring size, conjugation, planarity and substitution. Although the information on the biological role of the repair activities for these adducts is largely unknown, considerable progress has been made on their reaction mechanisms, substrate specificities and kinetic properties that are affected by adduct structures. At least four different mechanisms appear to have evolved for the removal of specific exocyclic adducts. These include base excision repair, nucleotide excision repair, mismatch repair, and AP endonuclease-mediated repair. This overview highlights the recent progress in such areas with emphasis on structure-activity relationships. It is also apparent that more information is needed for a better understanding of the biological and structural implications of exocyclic adducts and their repair.
Introduction
Exocyclic DNA adducts are a unique class of ring-extended modifications formed by a wild range of chemicals, (1) most of which have been classified as animal and/or human carcinogens. (2, 3) Examples are vinyl halides, benzene, nitrosoureas, and a,b-unsaturated aldehydes. Since the initial identification of exocyclic adducts in 1960s, (4) (5) (6) numerous studies have been reported on the identification, chemistry and biology of various exocyclic adducts originating from both environmental and industrial sources. (1) Lately, attention has also focused on the formation of such adducts by endogenous metabolic processes ( Fig. 1 ). (1, 7, 8) Many exocyclic adducts have now been identified in genomic DNA of cells exposed to carcinogens or in DNA of our ''healthy'' cells, largely owing to the development of ultrasensitive detection methods. (1) Therefore, an understanding of the biological impact of these adducts is of great importance in elucidating etiological mechanisms of both chemical and spontaneous tumorigenesis. Exocyclic ring derivatives are formed by bifunctional electrophilic compounds that attack at one site of the base moiety followed by ring closure at the other site. The common sites for forming an exocyclic ring are N-1 and N 6 of dA, N-3
and N 4 of dC, N-1 and N 2 of dG, as well as N 2 and N-3 of dG. (1, 9) Structurally, these adducts are analogous but can differ in ring structure such as size (e.g. 5-versus 6-membered), number (e.g. one ring versus two rings), saturation (e.g. etheno versus ethano), angularity (e.g. linear versus angular), and substituents' nature (e.g. -OH versus -CH 2 OH) and location (e.g. 6-HO-PdG versus 8-HO-PdG). Certain exocyclic adducts are also present in stereoisomers. The immediate consequences of these adducts on replication, if unrepaired, are anticipated to be polymerase blockage, base substituions or frameshift deletions since the exocyclic ring(s) disrupts Watson-Crick hydrogen bonding. Indeed, when examined in various systems, all the known exocyclic adducts are mutagenic, albeit with varying efficiencies. (1, 10) There is also evidence that exocyclic adducts may be responsible for specific mutations in certain cancer genes such as ras and p53 (11, 12) and that some adducts can be formed preferentially at certain mutational hotspots in such a gene. (13) Although the role of each of the known exocyclic adducts in causing apoptosis, mutagenic and carcinogenic effects has not been clearly understood, their occurrence and A persistence on cellular DNA are believed to be critical for mechanisms of these processes. DNA repair is one of the major defenses against the deleterious effects of these adducts ( Fig. 1) , which (1) ensures the removal of a heavy load of DNA adducts resulting from exposure to a carcinogen and (2) removes chronic or endogenously formed adducts at a faster rate faster than their formation. In the last decade, considerable progress has been made in understanding the specificities and mechanisms of such repair, facilitated by the major advances in cloning of novel enzymes, construction of site-directed DNA substrates, high resolution structures of repair proteins and adducted DNA, and targeted deletion of repair genes. Repair studies on exocyclic adducts have largely focused on the base excision repair (BER) pathway which is the main mechanism for removing alkylated, oxidized and deaminated bases. (14) (15) (16) (17) Since these lesions are often miscoding and mostly produced endogenously, BER is considered to be the primary defense system for avoiding mutagenesis. Certain exocyclic adducts are also repaired by the nucleotide excision repair (NER) and mismatch repair (MMR) pathways. NER has long been known to remove helix-distorting lesions such as ultraviolet (UV) products, bulky adducts, and a variety of other types of damage. (14, 15, 18) MMR primarily corrects single base mispairs from miscoding and short loops from insertion/deletion and also acts on alkylated and platinated bases. (19, 20) It should be noted that many of the exocyclic adducts, while identified,
have not yet been studied for their repair.
In general, the identification, chemistry and mutagenicity of many exocyclic adducts have been studied extensively. Detailed description of these areas will not be covered in this overview, which will focus mainly on repair, with emphasis on how its specificity and efficiency are affected by exocyclic ring structures.
The five-membered etheno and ethano derivatives are substrates for DNA glycosylases
Etheno adducts and their repair
The etheno (e) bases (Fig. 2) are the most extensively studied exocyclic adducts and are formed by a variety of exogenous chemicals such as vinyl chloride (VC) and ethyl carbamate, as well as by products generated from lipid peroxidation. These highly mutagenic lesions (10) are present not only in rodents treated with carcinogens but also in the unexposed mammals. (1) Increased levels of e-adducts are observed in women consuming diets rich in polyunsaturated fatty acids (PUFAs) or in abnormalities with persistent oxidative stress such as Wilson's disease, hepatitis and familial adenomatous polyposis. (1, 21) These adducts are therefore considered as oxidative stress markers. (1) Decreased repair of e-adducts is also discovered in lung adrenocarcinoma. (22) There is evidence that e-adducts may be responsible for ras and p53 mutations in liver tumors of VC-exposed humans. (11, 12) In DNA treated with a major VC metabolite, chloroacetaldehyde (CAA), the efficiency of formation of the four known Figure 1 . Schematic presentation of the formation, repair and mutagenic potential of exocyclic adducts in genomic DNA. Note that TLS (translesion DNA synthesis) occurs if the adduct is not repaired promptly. TLS itself can prevent a mutation by incorporation of a correct nucleotide opposite the adduct. Error-prone incorporation at the adduct site is the source for mutation, even though the adduct still can be removed by repair mechanisms. A base-base mismatch from such error-prone synthesis may further be corrected by MMR or mismatchspecific glycosylases from BER. Only those adducts that finally escape all the defense mechanisms may lead to biologically important endpoint events such as mutation and apoptosis. The yield of these adducts is less in double-stranded than in single-stranded DNA. It should be pointed out that, in addition to the above e-adducts, various substituted e-derivatives have been identified. The effect on replication and repair of these adducts has not yet been reported except for 8-hydroxymethyl-eC (8-Hm-eC) (see next section).
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Excision repair of a number of known five-membered exocyclic bases is mediated by specific DNA glycosylases, which recognize an adduct and hydrolyze the glycosidic bond between the adduct and the sugar moiety. (17) In most in vitro studies, repair experiments testing a glycosylase activity either measure the release of a radiolabeled or fluorescent exocyclic base from globally modified DNA or detect the cleavage of end-labeled DNA containing a site-specific adduct.
Excision of eA
The first report of repair of an e-adduct was from Oesch et al. (24) in 1986, who described release of eA and N 2 ,3-eG by rat brain cell-free extracts from CAA-treated DNA. Later, Singer and co-workers identified an eA-DNA binding and glycosylase activity from human cell-free extracts. (25, 26) Subsequent studies on cross-activities suggested that this activity resides in the human alkyl-N-purine DNA glycosylase (ANPG, also known as alkyladenine DNA glycosylase, AAG, and N-methylpurine DNA glycosylase, MPG). (27) This was confirmed shortly afterwards by Laval's group using a purified recombinant hANPG. (28) In addition, they showed that eA is removed by hANPG homologs in rat, yeast and E. coli. These activities are evolutionarily enhanced inasmuch as the mammalian glycosylases excise eA two to three orders of magnitude more efficiently than their yeast and bacterial functional homologs. (28) Both opposite base (28) (29) (30) and sequence context (30, 31) can affect the eA activity of ANPGs but data from various studies differed in the magnitude of such effects. Recently, it was reported that the E. coli mismatchspecific uracil-DNA glycosylase (Mug) could remove eA but with extremely low efficiency. (32) eA can also be excised from DNA by mammalian mitochondrial extracts, possibly by one of the spliced forms of ANPG or an unknown enzyme. (33) Using in vitro assays with HeLa cell extracts, eA was shown to be repaired via both short-and long-patch BER. (34) Data from mice deficient in NER and MMR do not support the involvement of these two pathways in eA removal. (35) Of all the known DNA glycosylases, ANPGs, which comprise a structurally diverse group of DNA lesions, probably have the broadest substrate range. (36) activity of these glycosylases, however, has generally been thought to remove N-3-and N-7-alkylated bases. Earlier Dosanjh et al. (37) reported that eA is excised 10-to 20-fold more efficiently than 3mA by hANPG, whereas data from several other studies (28, 38, 39) showed that hANPG prefers 3mA over The structural studies have provided significant insights into how ANPG/AlkA may accomplish their specificity. The two-dimensional NMR structure of DNA containing an eA Á T basepair (40) showed that both bases are in the normal anti orientation but in a nonplanar alignment, which disrupts any hydrogen bonding. The crystal structure of hANPG bound to DNA containing such a basepair (41) suggests that hANPG ''flips'' the modified nucleotide out of the helix and into the active site. Such ''flip-out'' is facilitated by the bending of the DNA (228) by the enzyme and by the insertion of Tyr 162 into the minor groove of DNA to occupy the space left by the flipped nucleotide. (41, 42) Once inside the active site, the eA adduct stacks between the aromatic side chains of residues and its position is stabilized by a key hydrogen bond between His 136 and N 6 of eA, which offers a unique acceptor lone pair essential for hydrolysis of the C1 0 -N glycosidic bond. Interestingly, the ring-opened derivatives of eA, (43, 44) which are produced even at physiological conditions due to chemical rearrangement of the adduct, are no longer recognized by hANPG, but are substrates for E. coli formamidopyrimidine DNA glycosylase (Fpg) and thymine glycol-DNA glycosylases from E. coli (Nth) and S. cerevisiae (Ntg2). (44) Part of the above biochemical results on substrate specificity was verified when ANPG À/À knockout mice were generated independently by the groups of Elder and Samson. (45, 46) Using cell-free extracts and synthetic oligonucleotides/modified DNA, ANPG was shown to be the primary glycosylase excising eA, 1,N 2 -eG, 3mA and Hx. (46) (47) (48) Such analysis provides an unambiguous means for the designation of the substrate specificity and for the exploration of backup activities for the missing enzyme. Biologically, however, it is surprising that these knockout mice did not show any overt phenotypic abnormalities (45, 46) or significant increase in the spontaneous mutation rate, even increased mutations were observed in the hprt gene of the T lymphocytes of ANPG indicating the cellular removal of eA by ANPG. It is puzzling, though, that the increased levels of adducts were not paralleled by the increased incidence of liver tumors in these mice.
(49) Interestingly, even though no other glycosylase activity against eA was detected using the in vitro approach, (46, 47) one study reported that there was residual repair of eA adducts in the ANPG À/À mice. (50) Whether this residual activity is from another DNA glycosylase or from other repair pathway(s) remains to be determined. and identified it as the previously known Mug protein (also termed as double-stranded uracil-DNA glycosylase, dsUDG), a hTDG homolog. These authors also showed that the purified recombinant hTDG excises eC, indicating the recognition of this adduct by both hTDG and Mug proteins. Of all the substrates for E. coli Mug, the eC activity is by far the most efficient and is considerably higher than the U Á G activity, (32, 54) for which the enzyme was named. hTDG also excises eC paired with G with greater efficiency than T from T Á G, but less than U from U Á G. Recently, Kavli et al. (55) described excision of eC by the human single-strand-selective monofunctional uracil-DNA glycosylase (SMUG1), which is only found in higher eukaryotes. In another study, the human methyl-CpG binding domain protein (MBD4 or MED1) also shows a weak activity toward eC but only when the opposite base is G. (56) The biochemical details of these two activities have not been reported. It is interesting that TDG/Mug, together with SMUG1 and UNG, but not MBD4, belong to the same UDG superfamily. MBD4 and the thermophilic Mig, instead, are homologous to the helix-hairpin-helix (HhH) DNA glycosylases such as MutY, endonuclease III and AlkA. Structurally, both NMR and crystallographic studies of eC Á G-containing duplexes show that the incorporation of the adduct causes perturbation mainly at the adduct site. (58, 59) One conventional hydrogen bond involving the O2 of eC and N1 of G is observed. A common characteristic of several base mispairs recognizable for Mug/TDG, i.e. eC Á G (and aslo other eC mispairs), T Á G and U Á G, is the formation of a sheared basepair, which was proposed to be a potential structural feature that may facilitate enzymatic recognition.
Excision of eC
(58,59) From
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A the crystal structures of Mug and the complex of Mug with DNA containing a non-hydrolyzable dU analog (bFU), (60, 61) it is evident that Mug has a significant structural homology to Ung, despite their low sequence homology (&10%). However, the UNGs have very narrow specificity while the Mug/TDG family has a broad substrate range. In addition to U Á G and T Á G, Mug and/or TDG recognize a variety of substituted U or T mismatches as well as base-pairs containing exocyclic bases: eC, EC, 8-Hm-eC, or 1,N 2 -eG. For Mug, such broad specificity seems to rely on a significant degree of flexibility of its active site, as a result of lacking the conserved catalytic residues as well as those residues important for specificity determination at the active site of the UNGs.
(61,62) While no experimental structure of Mug or TDG complexed with DNA containing an eC is available, molecular modeling based on the structure of Mug-bFU-DNA complex demonstrated that eC can be readily accommodated in the space of this non-specific pyrimidinebinding pocket and makes necessary interactions with key residues.
(61) As for the base pair specificity of Mug/TDG, it is proposed that the ease with which the basepair can be disrupted and the nature of the 'widowed' base after disruption plays an important role.
Thus far, the biological role of TDG/Mug in the repair of e-adducts is not yet clear. In E. coli, using a mug mutant, Lutsenko and Bhagwat (63) found that Mug appears to be the only eC activity and may not act on U Á G or T Á G. However, the lack of a strong mutator phenotype for mug suggests that endogenously e-adducts are not significantly formed. In fact, previous studies have failed to identify eC from E. coli (64) Thus, Mug may primarily be responsible for repair of exogenously formed e-adducts. As with hTDG, its main biological role appears to repair the T Á G mispair resulting from the deaminated 5mC in CpG sites, as suggested by Abu and Waters, (65) who found that both 5 0 -CpG Á T and 5 0 -CpG Á eC are much better substrates for hTDG than any other 5 0 sequences flanking the same lesions and that the excision of T is actually faster than that of eC when in such a sequence.
Recently, a substituted eC derivative, 8-Hm-eC ( Fig. 2 (17, (67) (68) (69) which cleaves the AP site generated by the DNA glycosylase. For eC and 8-Hm-eC, their excision efficiency can be increased by several folds. (67) (68) (69) This feature is due to the fact that TDG and Mug, like many other glycosylases, (17) bind very tightly to their reaction product, an AP site, thereby reducing the enzyme turnover. An AP endonuclease could minimize such product inhibition by displacing the bound glycosylase, although the exact mechanism for this is still not clear. (17) hTDG activity can also be stimulated in vitro by other factors such as ubiquitin-like proteins SUMO-1 and SUMO-2/3. (70) In vivo, these interactions may be particularly useful for those so-called ''poor substrates'' as defined in vitro and/or for coordinating a specific repair activity/pathway with other repair pathways or cellular processes. (17) Removal of the eG adducts N 2 ,3-eG represents the predominant e-adduct in the livers of VC-exposed animals.
(1) 1,N 2 -eG, however, has not yet identified in vivo, but can be formed in vitro by various compounds. Chemically, the angular N 2 ,3-eG is labile and the stability of its glycosyl bond is much lower than that of the isomeric 1,N 2 -eG. (23) Due to such instability, it has been difficult to study the biochemical properties of N 2 ,3-eG in DNA.
Ludlum's group (71) first reported release of N 2 ,3-eG from CAA-treated DNA by the purified E. coli AlkA protein (3mA-DNA glycosylase II) and estimated that this novel activity is only 1/20th of the 3mA activity. A low-level release of this adduct was also found by Singer's laboratory in cell-free extracts of both HeLa cells and an E. coli strain expressing hANPG. (72) In agreement with these data, animal studies by Swenberg and co-workers (73) showed that the in vivo repair of
,3-eG is fairly slow. The nature of the human enzyme Q1 excising this adduct has not been clarified, although hANPG is the most likely candidate. It was shown that the expression of ANPG mRNA was induced in the hepatocytes of rat exposed to VC, while the nonparenchymal cells, the target for VC, had much lower expression of this enzyme. (74, 75 ) N 2 ,3-eG is readily induced in these target cells by VC and there is a correlation between the levels of this adduct and the incidence of VC-induced angiosarcoma in rodent livers. (74) Understanding the underlying mechanisms for these cause-effect relationships may be crucial for elucidating the mechanism of VC-induced hepatocarcinogenesis. It was earlier demonstrated that release of 1,N 2 -eG from CAA-modified DNA by human cell-free extracts was similarly low. (72) When 1,N 2 -eG was incorporated into a defined oligonucleotide, it was poorly excised by human cell-free extracts as well as by a purified hANPG. (36) However, a recent investigation (48) showed that this adduct, when present in a different sequence, is an efficient substrate for both hAPNG and Mug but not for AlkA and hTDG. (Fig. 2) . 1, N 2 -EG is a model structure. The hydroxy EC and EG adducts (HO-EC and HO-EG) are the hydrated derivatives of eC and 1,N 2 -eG, respectively, and are formed in DNA by reactive VC metabolites. (1) In contrary to the e-adducts, the mutagenic potential and biological role of ethano adducts are much less understood. Release of N 2 ,3-EG from CNU-treated DNA by the purified E coli AlkA protein was first reported in 1991. (78) The same enzyme also releases the closely related N 2 ,3-eG, (71) although the relative efficiency of these two activities has not been compared. Recently, EA in DNA was shown to be excised by both hANPG and AlkA, but with significantly lower efficiencies as compared with eA. (79, 80) EC is also found to be excised by E. coli Mug at a rate 20-fold lower than excision of eC.
The HO-EC adduct can be released by human cell-free extracts. (72) Ethano adducts differ from e-adducts in certain features. Saturation of the e-ring converts it from a planar to a puckered form. Also, the two extra hydrogens on the saturated ethano ring increase its van der Waals surface area. However, the conformational changes of the duplexes imposed by e-or ethano adducts appear to be similar as shown by molecular modeling. (79, 80) Molecular dynamics simulations of hANPG complexed to DNA containing an EA adduct (79) demonstrated that the stacking interactions between EA and the aromatic side chains of the key residues in the active site are reduced, as compared with those for the planar eA residue. This might contribute to the observed lower EA activity of hAPNG. Thus far there is no clear evidence for the in vivo repair of CNU-induced ethano adducts by a specific glycosylase that could increase cellular resistance to CNUs. Data from various studies on the role of ANPGs in cellular protection of CNUinduced toxicity are controversial. It should be noted that ANPGs can excise not only the EA and EG adducts, but also several other CNU-induced lesions such as 7-alkylguanine bases and a dideoxyguanosinylethane. (81) The hTDG glycosylase, if it removes EC in a similar manner to Mug, could also be involved in such a function.
1,N 2 -EG, similar to 1,N 2 -eG, is found to be a substrate for bacterial NER, as shown in mutagenesis assays performed by Langouë t et al. (76) In the same study, whether NER is involved in removal of HO-EG was not conclusive. These studies using repair mutant cell lines not only define the repair specificity toward the target adducts but also reveal the biological consequences as a result of lacking the specific repair. So far there is apparently no available information on repair of any of the ethano adducts by the mammalian NER.
Repair of six-membered propano-G derivatives and M 1 G by the NER and MMR pathways The six-membered propeno and substituted propano derivatives of dG are an important group of endogenously formed mutagenic lesions (Fig. 3) . The 1,N 2 -propanoG (PdG) derivatives are mainly formed by lipid peroxidation products, such as acrolein, crotonaldehyde and 4-hydroxynonenal. (7, 8) PdG itself is not naturally occurring and rather serves as a model for the chemically unstable substituted PdGs and M 1 G (pyrimido[1,2-a]purin-10(3H)-one). The latter is the major product produced by malondialdehyde (MDA), an endogenous mutagen/carcinogen from lipid peroxidation and prostaglandin biosynthesis. . (82) Therefore, cellular repair of these inescapable lesions is expected to be crucial for counteracting spontaneous mutagenesis. Structurally, M 1 G and PdG derivatives are similar to the five-membered ring adduct 1,N 2 -eG (Fig. 3) . The latter can be excised by DNA glycosylases, (36, 48) in addition to NER. (76) In contrast, M 1 G, PdG and HO-PdG are not recognized by glycosylase-mediated BER, as tested in vitro (36) or in vivo, (83) (84) (85) suggesting that BER may not be involved in repair of six-membered adducts. However, not all known DNA glycosylases have been tested for their activities toward these adducts and it is still unknown as to what repair mechanism(s) is involved in removal of other six-membered exocyclic adducts of dA and dC. Instead, NER is found to be important in repair of several dG adducts. In 1997, Marnett and co-workers (83, 86) reported that both PdG and M 1 G are repaired in vivo by the E. coli UvrABCmediated NER system, with similar efficiencies, based on the mutagenesis assays using M13 genomes containing a single adduct. The involvement of NER is indicated by both increased mutation frequency and increased adducted-template replication in the NER-deficient strains. Similarly, it was recently shown (84) (85) (86) (87) that E. coli NER is also implicated in repair of the major acrolein-derived DNA adduct, g-HO-PdG (Fig. 3) , which has been detected in DNA from healthy human tissues.
Results from in vitro assays also indicated that PdG is a substrate for the purified UvrABC proteins although relatively Review articles 6 BioEssays 26.00
Author Proof A poor. (83) However, a cell-free extract from Chinese hamster cells excised the same substrate as efficiently as with the cyclobutane thymine dimer (CPD), one of the primary substrates for NER. (83) A study by Tang, Chung and coworkers (13) also showed that 4-hydroxynonenal (4-HNE)-derived exocyclic dG adduct is excised by the UvrABC proteins efficiently and quantitatively. Using an in vitro repair synthesis assay, 4-HNE-dG in plasmid DNA can be readily repaired by HeLa but not XPA nuclear extracts, indicative of human NER involvement. (8, 88) Since there is a preferential formation of this adduct at codon 249 of human p53 gene, (13) which is a mutational hotspot in human cancers, it would be of interest to examine repair of 4-HNE-dG by human NER for sequence specificity. Recently, Roy and co-workers demonstrated that the four stereoisomers of 4-HNE-dG are repaired at differential initial rates, suggesting the importance of the stereo configuration of the 8-hydroxy group in enzymatic recognition and excision by NER proteins. (88) In addition to NER, Marnett's laboratory has shown that PdG and M 1 G in DNA are recognized by the bacterial MutSdependent mismatch repair (MMR), which could lead to either the removal of these adducts by the pathway or the protection of such adducts from repair by NER.
(91) In their study, mutations caused by both adducts were reduced when M13 genomes containing single PdG or M 1 G were transfected into mutS-deficient E. coli strains, suggesting that MutS binds to the adduct, leading to the block of its repair by NER. This is supported by the finding that purified MutS protein binds to DNA containing these two adducts in vitro.
(91) MutS also binds to a DNA duplex containing an eC or 8-Hm-eC (unpublished data). Whether MMR repairs other exocyclic adducts remains to be determined. Nevertheless, it is quite intriguing that the change from a five-membered to six-membered ring structure has major effect on the specificity of repair, i.e. a shift from BER to NER/MMR. It appears that a seemingly minor structural change(s) in DNA damage can cause a major difference in repair specificity. It should be mentioned that there are a number of other sixmembered ring adducts were also seen in the reactions of various compounds. Data on repair of these adducts, when available, should aid in getting a clear picture of the repair specificity as a function of the ring size.
Processing of bulkier exocyclic pBQ-adducts by damage-specific DNA endonucleases A number of exocyclic adducts with two extra rings have been identified from the reaction of DNA bases with the metabolites of benzene, an ubiquitous human carcinogen/leukemogen. (1) Its metabolites, such as hydroquinone (HQ) and muconaldehyde, accumulate in the bone marrow, where HQ can undergo further oxidation to p-benzoquinone (pBQ). In vitro, both HQ and pBQ form hydroxy (92) (Fig. 4) or dihydroxy benzetheno adducts. (93) In DNA reacted with pBQ, the relative abundance
The in vivo existence of these adducts has not yet been proved. Muconaldehyde also forms pyrrole ring-containing exocyclic adducts with purine nucleosides, (95) although their biochemical properties are unknown. Nevertheless, the formation of these adducts, if occurring in vivo, could contribute to benzene-related genotoxicity. Syntheses of oligonucleotides containing a single pBQadduct of dA, dC and dG have greatly facilitated the repair studies.
(92) Initially, such work by Singer, Hang and colleagues was directed toward testing whether the known glycosylase(s) excising etheno adducts would also act on these structurally related but bulkier adducts. (36, 96 ,97) Although they were not Majority of these adducts are found to be substrates for NER. Two chemical features of these adducts may affect their repair significantly. One is that adducts such as acrolein-or 4-HNE-dG are present in multiple stereoisomers, which can lead to stereoselective repair. (88) The other is the spontaneous ring-opening process reported for M 1 G and g-HOPdG. They convert to ring-opened forms when opposite C in duplex DNA, which is apparently due to the chemical rearrangement induced by the duplex formation. (89, 90) This process is reversible upon thermal denaturation of the duplex. Such a mechanism has been shown to affect mutagenicity of these adducts and could similarly affect their repair.
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Author Proof A found to be excised by the glycosylases, (36, 96) it nevertheless led to the finding of a novel human repair activity efficiently cleaving DNA containing pBQ-C.
(96) This activity was further purified to apparent homogeneity and surprisingly found to be identical to the major human AP endonuclease (APE1, also termed as HAP1, APEX, and Ref-1).
(97) Thus, pBQ-C is a ''new'' substrate for an ''old'' enzyme. hAPE1 also acts on pBQ-A and pBQ-G but with much lower efficiency.
Regardless, the AP site still remains the primary substrate for the enzyme.
(99) Interestingly, the two 5 0 AP endonucleases in E. coli, exonuclease III and endonuclease IV, are much more efficient toward the three pBQ-adducts than hAPE1. These two enzymes appear to be the only 5 0 cleavage activities in E. coli that act on these adducts, as shown by studies using mutants lacking xth and/or nfo.
(98) It would be interesting to see whether the recently identified hAPE2 acts on these pBQ-adducts. hAPE2 differs from hAPE1 at the N and C terminus but retains many of the essential active site residues.
(100)
The difference in size and structure between an AP site and the pBQ-adduct is large, (99) yet both are efficiently repaired by the same proteins. The AP endonucleases now recognize a structural diversity of substrates as shown partially in Fig. 4 . (36, 101, 102) It also appears that the structural requirements for pBQ-adduct recognition are highly specific, since APE1 does not act on other five-or six-membered exocyclic adducts. (36) Reaction mechanisms by which hAPE1 recognizes and cleaves an AP site have been proposed based on crystal structures of APE1.
(103-105) A recent work (106) using MD simulations, based on the high resolution X-ray coordinates for hAPE1 complexed to DNA containing an AP analog tetrahydrofuran, (104) showed that pBQ-dC can be accomodated at the active site with certain structural rearrangements. The APE1-pBQ-C complex forms a similar hydrogen bond network at the active site as in the crystallographically determined APE1/AP-DNA. (106) In addition, site-directed mutagenesis showed similar requirements of those key active-site residues for both AP and pBQ-C endonuclease activities. (99, 107) hAPE1 is a multifunctional enzyme with functions in repair, transcription and other cellular processes.
(100) In BER, APE1
cleaves the AP site resulting from a glycosylase action and removes 3 0 replication-blocking moieties. In processing a could serve as an initial recognition and incision step of a pathway that repairs pBQ-adducts. A similar mechanism, namely, alternative excision repair, was previously proposed for a damage-specific endonuclease-initiated repair of thymine dimer and other lesions in S. pombe. (108, 109) Recently, both bacterial and human AP endonucleases were found to act on several oxidized bases (Fig. 4) using a similar mode of action.
(101,102) It therefore appears that this type of repair mechanism is implicated in removal of various classes of DNA damage.
Conclusions and perspectives
Many chemicals can form exocyclic adducts in DNA by virtue of their bifunctionalities. These adducts are analogous in structure, yet at least four different mechanisms: BER, NER, MMR and AP endonuclease-mediated repair, may be involved in their repair (Table 1 ). It is noteworthy that, so far, many identified adducts have not been tested for their repairability and also not every repair enzyme/pathway has been tested for their activity toward all the presently known exocyclic adducts. A nonrepairable adduct for a specific repair enzyme/pathway can be useful for structure-function analyses. It is also possible that some adducts might be refractory to any repair. Repair of many five-membered ring adducts is mediated by two families of monofunctional DNA glycosylases, the ANPG/ AlkA and TDG/Mug proteins, which specifically recognize the purine and pyrimidine exocyclic derivatives, respectively, with limited cross-activities between the two families ( Table 1) . Thus far, data do not indicate the involvement of BER in repair of six-membered ring adducts and those with two extra rings. Instead, six-membered dG adducts are found to be repaired by the NER and MMR pathways, which is not surprising since NER is highly versatile and, as for MMR, it is likely that these exocyclic adducts in duplexes may have structures similar to Watson-Crick base-base mispairs. Therefore, it is worthwhile to test whether these two pathways also act on other classes of exocyclic adducts. For the two extra ring pBQ-adducts, the AP endonucleases may serve as damage-specific endonucleases, initiating a process similar to the so-called alternative excision repair pathway. (108, 109) This mechanism seems to be limited as AP endonucleases have not been found to act on five-and six-membered adducts. Overlapping repair also exists for some exocyclic adducts, since, chemically, most of the exocyclic adducts are nonbulky, which makes them potential targets for various pathways. For example, both NER and MMR are implicated in repair of PdG and M 1 G, (83, 86, 91) whereas both BER and NER can act on 1,N 2 -eG. (36, 48, 72, 76) Overlap between glycosylases is also common as examplified by the in vitro identification of the eC-activity in three human DNA glycosylase, TDG, SMUG1 and MBD4. (52, (54) (55) (56) Although the biological function of these activities remains to be seen, such redundancy of repair is expected to be useful for backing up in vivo.
Although we seem to have had considerable information on the in vitro repair of many exocyclic adducts, there is only limited evidence for their in vivo repair. To identify the cellular existence of these adducts and to confirm their cellular repair are two primary goals in establishing an initial biological relevance. Obviously it will be far more difficult to interpret in vivo findings. In real life, when a chemical carcinogen attacks cellular DNA, base modification will be likely in more than one type and on various sequences of the genome. Repair can be influenced by multiple factors such as the specificity or multiplicity of repair enzymes/pathways, sequence context and strandedness, saturation or cytotoxic inhibition of repair proteins, protein-protein or pathwaypathway interplays, modulation of repair by gene expression or cell cycle control. This is only a partial list.
The relevance of any data on repair of specific exocyclic adducts, obtained in vivo or in vitro, needs to be considered with regard to the overall mechanism of mutagenesis and carcinogenesis by the parental compound. In some cases, the major lesion(s) formed by a carcinogen is not exocyclic adducts but other type(s) of damage. It is well known that, in addition to exocyclic adducts, bifunctional alkylating agents can also cause DNA damage such as interstrand cross-links and react with cellular proteins.
(1) Since most of the repair data are from cell-free systems, in order to have a clear mechanistic understanding of carcinogenicity of a compound, much work remains to be done in vivo to connect the dots into the full picture of the formation, repair and mutagenic effects of all the DNA lesions formed Q2 .
A unique array of structural variations in exocyclic adducts (Fig. 5) provides a sound platform for studying the structural basis of substrate specificity. Structural studies on a number of such adducts, using NMR, crystallography and thermodynamics, have provided detailed information on both adduct structure and adduct-imposed duplex conformational changes.
(e.g. 40,59,89,90) Overall, exocyclic adducts examined cause structural perturbations around the adduct in DNA duplex. Attempts have been made on identifying specific structural features, which could be from both adduct structure and localized conformation, that serve as initial ''signal'' for enzyme recognition. As with BER, the crystal and co-structures of several glycosylases excising exocyclic adducts (e.g., ANPG, AlkA, Mug, Mig) have been solved, which enables scientists to make a detailed analysis, looking for general requirements of substrate recognition as well as specific interactions for an individual substrate. It is generally assumed that damage recognition may involve initial groove contacts by a glycosylase and subsequent adduct ''flipping'' into a specific binding pocket to check for proper fit. For exocyclic adducts, their shape, size, aromaticity, hydrogen-bonding capacity, as 0 -phosphoglycolaldehyde, DHdU, DHT, OHdU, aA, aT ss, single-stranded; Xan, xanthine; FoU, 5-formyluracil; HmU, 5-hydroxymethyluracil; OHU, 5-hydroxyuracil; FU, 5-fluorouracil; CIU, 5-chlorouracil; 2AP, 2-aminopurine; AMAP, 2-amino(6-methylamino)purine; CPD, cyclobutane pyrimidine dimmer; AAF, acetylaminofluorene; Tg, thymine glycol; DHdU, 5,6-dihydro-2 0 -dU; DHT, 5,6-dihydrothymidine; aA, alpha-2 0 -deoxyadenine; aT, alphathymidine.
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Author Proof A well as conformational changes imposed by their presence, may all be relevant to such specific recognition.
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